Pyrrhotite (Po) occurs as inclusions and as isolated crystals in pumice from the 1914 -15 eruption of the Sakurajima volcano, Kyushu, Japan. The Po crystals have partly reacted to form spongy Fe oxides. A similar texture has been reported in some previous studies (Hattori, 1993) , but the mineral phases and formation processes of the spongy Fe oxides have not been clarified. Our quantitative and compositional map analyses with electron probe microanalysis (EPMA) reveal that the spongy Fe oxides are mostly magnetite (Mt), with a thin rim (<3 µm) of hematite on rare occasions. The spongy texture includes unreacted regions of Po, mesh -like pores, and S -rich spots, showing that it was formed by desulfidation of Po. No Ti was detected, even in the outermost rim; this indicates that the reaction occurred syn -eruptively. According to diffusion calculations, the spongy Mt was formed during the 4 h preceding quenching. Thermodynamic calculations showed that Po is stable at log f O 2 < NNO + 2 at a pressure of 1 bar and magmatic temperature, which is 1 -2 log units higher than the usual magmatic f O 2 . These constraints on the timing and oxidation condition of desulfidation lead to the conclusion that the reaction was caused by oxidation of the magma in a shallow volcanic conduit, not in magma chamber processes. The pumice groundmass consists mostly of glass, indicating that the rate of the desulfidation reaction is faster than the decompression -induced crystallization of microlites in the andesitic magma. Therefore, the desulfidation reaction of Po has the potential to be used as a geospeedometer for very fast magma ascent in vigorous explosive eruptions.
INTRODUCTION
Recent advances in mineralogical and petrological studies on the microstructure of volcanic rocks provide a quantitative understanding of eruption processes. Decompression -induced crystallization of microlites has been widely used to estimate the magma ascent rates of ongoing and past eruptions (e.g., Brugger and Hammer, 2010) . Diffusion -based analyses of the compositional zoning of phenocrysts provide a time scale for magma crystallization and mixing (e.g., Nakamura, 1995a Nakamura, , 1995b Costa et al., 2003; Hammer, 2008) . Rates of reaction rim formation may be used to estimate magma ascent rate and magma mixing conditions (Sato, 1975; Rutherford and Hill, 1993) . Pyrrhotite (Po), which often occurs as inclusions in other phenocrysts and isolated microphenocrysts in volcanic rocks (e.g., Kitakaze and Aoki, 2006) , sometimes shows a porous spongy texture as the result of reaction. Despite the common occurrence of Po and its potential significance as an indicator of the sulfur and oxygen fugacity of magmas, limited descriptions have been presented and their origin is not well constrained. Hattori (1993) reported sulfide mineral inclusions in the 1991 eruption products of the Mt. Pinatubo volcano from the viewpoint of the 'excess sulfur' problem of the dacitic magma eruption. She proposed that SO 2 -rich super critical fluids released from underlying mafic magma at Pinatubo caused oxidation of the overlying dacitic magma in a chamber, destabilizing the sulfides. Keith et al. (1997) examined the decomposition process of sulfides in the Bingham and Tintic mining districts and considered that in addition to Hattori's upward fluid flux model, loss of sulfurous gases from magma chambers, pressure decrease, and other oxidation processes in the magma chamber may be responsible for desulfidation. Larocque et al. (2000) investigated desulfidation textures in volcanic and plutonic rocks with various chemical compositions and oxidation states from seven localities around the world and considered two more causes: a decrease in S -content in the melt due to degassing during eruption, and mixing with a S -poor or sulfide -undersaturated magma. In these previous studies, the mineral phase of the reaction products was not always determined, and the cause of sulfide decomposition has been controversial. In this study, we carried out a quantitative analysis of the oxygen content and an X -ray mapping of the decomposition products from pyrrhotite (Po) in the pumice of the 1914 -15 (Taisho) eruption of the Sakurajima volcano, Kyushu, Japan, and determined their phases and chemical compositions on a fine scale; this placed better constraints on the origin of the reaction texture and the stability of Po in magmas upon eruption. This study provides a new textural parameter that can be potentially used to quantify the magma ascent rate.
VOLCANOLOGICAL BACKGROUNDS AND SAMPLE DESCRIPTION
The volcanic activity of the Sakurajima volcano, one of the most active volcanoes in Japan, has been rapidly increasing since 2006. There is a concern that this activity may lead to a large eruption. The 1914 -15 eruption is the most recent Plinian eruption of Sakurajima; thus, understanding of its magmatic processes is crucial to forecasting the progress of on -going activity. Details of the temporal variation throughout the 1914 -15 eruption were recorded by Omori (1914) and later summarized by Yasui et al. (2006) . We sampled pumice clasts from an outcrop at Nagasakibana, which is located near the east coast of Sakurajima. The pumices from both east and west flanks are included in the deposit. At the outcrop, the pumice fall deposit has a thickness of ~ 180 cm, overlies a soil layer and the pumice fall of the 1779 -80 (Anei) eruption, and is covered by post -1915 volcanic ash layer. The 1914 -15 pumice is pale gray, not welded, and shows little sign of weathering. At the bottom of the deposit, a thin finegrained (~ 1 cm in diameter) pumice layer with a thickness of 3 cm is present. The rest of the pumice layer is weakly graded, without clear fall units. The average diameter of the 6 largest clasts in the outcrop is ~ 5 cm. We classified the weakly graded section of the pumice layer into four sub -layers ~ 45 cm thick, and sampled 2 pumice clasts randomly from each sub -layer. The 1914 -15 magma is andesitic (SiO 2 = 62 wt%; Table 1 ) and contains phenocrysts of plagioclase (Pl), orthopyroxene (Opx), clinopyroxene (Cpx), and magnetite (Mt). Olivine phenocrysts with a reaction -rim of Opx are included rarely in the pumice and commonly in the lava flows (SiO 2 = 60 -62 wt%; Yanagi et al, 1991) that erupted following the Plinian activity. The 1914 -15 magma is formed by mixing between dacitic and basaltic end -member magmas (Yanagi et al., 1991) . The magma temperature after mixing is estimated at 950 -1050 °C by using pairs of rims of two pyroxene phenocrysts (T. Sato and M. Nakamura, unpublished data, 2012) .
We analyzed only pumices because they are quen ched at the time of fragmentation and the modification during cooling is negligible. Sulfide minerals are vulnerable to weathering. We occasionally found an orange halo a few hundreds of micrometers in diameter around sulfide minerals, which have a kidney -shaped alteration zone. The halo is formed concentrically around the sulfide without deformation, showing that the reaction occurred after the vesiculated melt was quenched to glass. Such a reaction texture is therefore concluded to be formed in the weathering process.
ANALYTICAL METHODS
The bulk major element composition of the pumice is shown in Table 1 . The 8 pumice clasts from the Nagasakibana deposit were measured using an X -ray fluorescence spectrometer (Rigaku RIX 2000) at Fukushima University and the average value is presented in the table. The analytical procedure is described in Kimura and Yamada (1996) .We observed and analyzed polished thin sections of the pumices at Tohoku University with a scanning electron microscope (SEM; Hitachi -S3400N) equipped with an Oxford -INCA energy dispersive spectroscopy (EDS) system. Quantitative analyses were performed with an accelerating voltage of 15 kV, beam current of 1 nA, and live counting time of 100 s. The energy and intensity of X -rays in the EDS analysis was standardized by analyzing pure cobalt metal. For the spongy Fe oxide analyses, both spot beam and selected polygonal area modes were employed ( Table 2) . Oxygen was analyzed in order to determine the stoichiometry (i.e., mineral phase) of the Fe oxides. Compositional map analyses of Fe, Ti, and S were conducted with EDS and wavelength dispersive spectroscopy (WDS) type electron probe microanalysis (EPMA; JEOL Superprobe JXA -8800). In the WDS analyses, the accelerating voltage was 15 kV, the probe current was 20 nA, and the dwell time for each pixel was 80 ms.
We measured the porosity of the spongy Fe oxides from the SEM images. The 8 -bit digital back scattered electron (BSE) images were thresholded into binary images and the areal porosity was measured with image analysis software.
PYRRHOTITE AND ITS REACTION TEXTURE
Pyrrhotite (Po, Fe 1−x S) is the only sulfide phase we found in the 1914 -15 pumice samples. The average composition of 33 analyses was 45.43 at% of Fe, 53.85 at% S, and 0.72 at% Cu (Table 2) . Po grains are globular, 10 -50 µm in diameter, and occur commonly as inclusions in other phenocrysts, such as Mt, Pl, Opx, and, rarely, Cpx (Fig. 1a) .
Isolated Po crystals <15 µm are rarely observed (Fig. 1b) . Po crystals exposed to the melt have commonly reacted to form porous Fe oxide, which we call "spongy Fe oxide" (Figs. 1c, 1d, 2a, 2b and 2e) . Approximately 20 grains of Po (including pseudomorphs) occur in one pumice thin section. Po that is completely included within phenocrysts does not show this reaction texture (Fig. 1a) , although the low -temperature alteration described above is sometimes found when the inclusions are exposed to the environment via cracks in the host phenocryst. The spongy Fe oxide is formed from part of the melt -side rim of the crystal, not from the entire surface (Fig. 1c) . The apparent degree of reaction varies widely from 0 to 100% of the original Po crystal in the observed sections, i.e., apparently unreacted Po crystals in direct contact with the groundmass were rarely observed (Fig. 1b) . This could be due to the offcentered sectioning effect. The spongy Fe oxides show various textures (Figs. 1c, 1d, 2a and 2e) . A linear laddermesh like structure is dominant, with a subsequent frothy texture. The measured porosity of the spongy Fe oxides ranges from 18.4 vol% to 38.6 vol%. 2) Standard deviations are shown in the parentheses.
3) Recalculated 100%. 4) Total number of analyses. Number of analyzed grains are in the parentheses.
5) Calculated after Stormer (1983) . Syn -eruptive desulfidation of pyrrhotite in the Sakurajima pumice
CHEMICAL COMPOSITION OF THE SPONGY OXIDES
The results of quantitative analyses are listed in Table 2 . The spongy Fe oxides are composed only of Fe and O (Figs. 2b -2d ). With the exception of the margins (<3 µm in width) of some grains, all the analyzed spots and polygonal areas contain 55 -57 at% of O. Since the ideal formula of wüstite, Mt, and hematite (Hm) contains 50.0 at%, 57.1 at%, and 60.0 at% O, respectively, the analyzed Fe oxides are determined to be magnetite. The reason for the 1 -2 at% deficiency of O from the ideal stoichiometry is not known, but might result from problems associated with light element analysis, such as the effect of carbon coating, since homogeneous titanomagnetite phenocrysts also have a slightly lower oxygen content (54.8 at% on average). This conclusion is consistent with our reflected light microscopic observations. The marginal parts of some spongy Fe oxides contain up to 60.07 at% of O, showing that the thin margins of some spongy Mt grains are oxidized to Hm (Table 2) . It should be emphasized that the Ti concentrations in all the analyses of spongy Mt are lower than the detection limit, while phenocrystic Mt contains ~ 13 wt% TiO 2 (Table 2, Fig. 2c ). In the compositional map analyses, no sign of Ti distribution was found (Fig. 2c) . In contrast, S -enriched spots with a diameter ~ <2 µm were found in the compositional map of some spongy Mts (Figs. 2d and 2f) . Although Cu is contained in the unreacted Po, it was not detected in the spongy Mt (Table 2) .
DISCUSSION

Origin of spongy Fe oxides
The preservation of incompletely reacted Po in some grains (Fig. 1c) and the heterogeneous sulfur distribution in the compositional maps (Figs. 2d and 2f) show that the spongy Fe oxides in the pumices of the 1914 -15 eruption of the Sakurajima volcano were formed by desulfidation of Po. Our quantitative analyses of O show that the Fe oxide is magnetite, sometimes rimmed with Hm. This desulfidation reaction can be expressed as (e.g., Whitney, 1984) :
Under a volatile -saturated condition, this reaction produces gas species (i.e., SO 2 ). Therefore, if this reaction proceeds rapidly along dislocations and cleavages in the Po crystals as well as from the margin, pores with a linear ladder -mesh -like structure may be produced. If the Po grain is completely oxidized to Mt, preserving the outline of the original crystal, the porosity is calculated to be 20.8 vol% on the basis of density change (Po = 4.69 g/cm
), which is roughly consistent with the result of our porosity measurement (18.4 -38.6%). The marginal Hm is assumed to be formed by further oxidation of Mt upon eruption, and not directly from Po, because the Hm rim is very thin (<3 µm) and Hm is stable only in a highly oxidized condition (at f O 2 corresponding to Mt -Hm buffer and higher).
In the previous studies (e.g., Keith et al., 1997; Laro cque et al., 2000) , decrease of sulfur fugacity (f S 2 ) due to loss of sulfurous gases from magma or the pressure decrease was considered as a possible cause of the desulfidation. However, f S 2 is buffered by f O 2 via oxidation reac- tions involving S, O, H and Fe in the magma and gas (Whitney, 1984) , thus f S 2 cannot decrease independently from f O 2 . Besides, under the presence of Po, fluid/melt partition coefficient is around 1, for Po locks up nearly all the sulfur of the magma (Scaillet et al., 1998) ; this limits the loss of S from magma. Therefore, the increase of f O 2 is necessary for the desulfidation of Po.
Timing of desulfidation
Our observation that the spongy magnetite does not contain a detectable amount of Ti (Table 2 , Fig. 2c ) places a strong constraint on the timing of the Po desulfidation.
Since the rims of Mt (titanomagnetite) phenocrysts contain ~ 13 wt% TiO 2 , the spongy Mt grains should have been quenched before their margin was equilibrated with the adjacent melt (and the surrounding phenocrysts) through interdiffusion between magnetite -and ulvöspi-nel -components (i.e., 2Fe 3+ and Fe
). Because this diffusion is fast compared to other element diffusion in silicate minerals (Nakamura, 1995a) , spongy Mt should have formed shortly prior to the eruption. In the Ti -intensity map, Ti was not observed even in the margin. Considering the spatial resolution of the map analysis, the diffusion distance should be less than ~ 2 µm. By using the diffusion coefficient of Freer and Hauptmann (1978) at the temperature upon eruption (950 -1050 °C) (10 −11.5 cm 2 / s to 10 −11.0 cm 2 /s), a 2 µm diffusion length is achieved in less than 67 -211 min. This means that Po desulfidation occurred during the rapid magma ascent in the volcanic conduit, not in magma chamber processes, since Ti diffusion should have started just after the formation of the spongy Mt rim. According to historical records, a seismic tremor started on January 9, 1914, and phreatic eruptions occurred a few hours prior to the Plinian explosion (10 a.m. on January 12, 1914) (Yasui et al., 2006) . Therefore, the duration of the magma ascent is estimated to be a few hours -days, supporting our conclusion.
Estimation of oxygen fugacity
The nonstoichiometric nature of Po (Fe 1−x S) allows us to estimate the equilibrium fugacity of S and O from the formula. Based on our EPMA analyses, the x value is calculated to be 0.15 at% by assigning Cu for the Po component. From this value, we obtained log f S 2 = +0.85 to +1.42 at 950 -1050 °C by using the calculation method of Toulmin and Barton (1964) and log f O 2 = −8.97 to −7.53 (∆NNO = +2.05 to +1.95) according to the thermodynamic calculation for the Fe -O 2 -S 2 -SiO 2 system at 1 bar (Whitney, 1984 ; Fig. 3) , which is consistent with the typical f O 2 of arc magmas with andesitic compositions (Ghiorso and Evans, 2008) . On the other hand, the stability limit of Po at 1 bar and these temperature ranges is calculated to be log f O 2 < −8.25 to −6.92 (∆NNO = +2.77 to +2.56; Fig. 3 ). There is no petrographic signature, such as the presence of anhydrite found in the Pinatubo 1991 eruption (Hattori, 1993) , to suggest that the Sakurajima magma was highly oxidized in the magma chamber. The oxidation mechanism is not known, but magmas may be oxidized by mixing with air or ground water after the magma becomes permeable or fragmented near the surface, as represented by the existence of strongly oxidized agglutinates near the volcanic vent. Such processes may cause heterogeneous oxidation of magma, which is consistent with the observation that the degree of desulfidation reaction is highly variable within the pumice samples. Therefore, we conclude that the Po desulfidation in the 1914 -15 eruption was caused by oxidation in the shallow conduit or the volcanic plume (Fig. 3) . This insight from oxygen fugacity is consistent with the kinetic constraint that the spongy Mt was formed within a few hours prior to the quenching.
Volcanological implications
Our conclusions on the timing and conditions of the Po desulfidation and spongy Mt formation are different from the previous model by Hattori (1993) , in which the desulfidation reaction of Po was caused through a continuous influx of SO 2 from the underlying mafic magma. As Hattori (1993) did not report the phase and detailed chem- Figure 3. Equilibrium condition and stability limit of Po at 1 bar calculated according to Toulmin and Barton (1964) and Whitney (1984) . The solid line represents the reaction boundary between Po and Mt + S (the equation in the text). The dashed line represents equilibrium f O 2 at the eruptive temperature for the measured Po stoichiometry. The NNO and HM buffer curves (dotted lines) were calculated according to Huebner and Sato (1970) and Eugster and Wones (1962) , respectively. Syn -eruptive oxidation of the Sakurajima magma in the shallow conduit (shown by the thick and dashed arrows) is assumed to have occurred shortly before quenching.
ical composition (such as Ti content) of the spongy Fe oxide, the adequacy of the SO 2 flux model in the Pinatubo case cannot be tested. The groundmass of the Sakurajima 1914 -15 pumice is glassy and almost free of microlites, as commonly observed for pumices of Plinian eruptions. This means that the rate of the Po desulfidation reaction to form spongy Mt is faster than that of the decompression -induced crystallization of microlites (e.g., Hammer, 2008) , thus underscoring the potential of this reaction as an ascent rate meter for explosive eruptions.
